Abstract: This paper presents an innovative modular construction of bridge pier system with stay-in-place fiber reinforced polymer (FRP) forms filled with concrete. Two 1/6 scale precast modular frames were prepared of a prototype bridge pier system. Three different types of connections were considered: male-female, dowel reinforced with or without tube embedment, and posttensioned. The frames were load tested in negative and positive bending. Subsequently, the cap beams were cut from the frames and tested to failure in four-point bending. Posttensioned joints exhibited the most robust and ductile behavior and proved to be the preferred method of joining stay-inplace forms. Even with dowel bars, the male-female joints lacked the necessary structural integrity in the pier frames. Better surface preparation for FRP units and higher quality grouting may improve the response. Embedment of the columns into the footing provided additional stiffness for the connection. The study indicated that internal reinforcement is not necessary for the stay-in-place forms outside the connection zone. The experiments also showed the importance of maintaining appropriate tolerances and match casting for malefemale and embedment connections. Overall, however, feasibility of the precast modular FRP system was demonstrated in this study.
Introduction
In recent years, stay-in-place fiber reinforced polymer (FRP) forms have been used for columns (Mirmiran and Shahawy 1995) , piles (Fam et al. 2003; Mirmiran and Shahawy 2003) , and girders (Burgueno et al. 1999a, b) . Of these, piles and girders have been installed in Virginia and California and field tested in Florida. Their advantages lie in the light weight and corrosion resistance of FRP. Previous studies have shown the strength and stiffness of concrete filled FRP tubes (CFFT) to be comparable to those of reinforced or prestressed concrete columns (Mirmiran et al. 1999) . CFFT could be used in precast or cast-in-place construction. Precast technology provides efficient construction with less on-site labor and better quality control. Precast construction has dominated the market for short to medium span bridges in the United States (PCI 1999) .
Precast construction with modular FRP forms provides a viable alternative to existing precast concrete, where concrete is exposed. However, the primary concern, as with any precast modular system, is in the connection detailing between the different components (Martin and Korkosz 1982) . Structural joints are more vulnerable to failure and deterioration because they endure higher forces (Priestley et al. 1996) . The main objective of this study was to evaluate different types of connections for precast CFFT members in bridge applications.
Four types of connections may be perceived for CFFT members in bridge applications: (1) splicing of CFFT piles, columns or girders; (2) connections of CFFT columns with CFFT beams; (3) connection of CFFT columns or piles to reinforced concrete (RC) beams or pier caps; and (4) connection of CFFT columns with RC footings. The difference between these connections is in the type of loads that needs to be transferred across the connection. Beam splices are primarily used to transfer flexural loads while some shear demand is expected, especially in the proximity of the supports. Column or pile splices, on the other hand, are used to transfer axial forces along with flexural and shear forces. Beamcolumn connections as well as column-footing connections are used to transfer axial, shear, and flexural forces with different relative intensities depending on the spans of the beams and lengths of the columns.
Three basic concepts were developed for connecting CFFT members to each other: (1) male-female connection of precast units with surface bonding; (2) dowel-reinforced connection with FRP or steel bars; and (3) posttensioned steel connection. Because applicability and effectiveness of each system may be quite different, the choice of connection depends on the strength or ductility demands. These connections may be combined for better performance. Other types of connections, not investigated in this study, include threaded inserts of the tubes in the precast units, coupler-sleeve connections for the tubes with or without threads, and bolted connections with FRP or steel bolts.
Two general concepts were considered for connections of CFFT and RC members: (1) dowel reinforced; and (2) embedment of CFFT into the RC member. These two concepts may be combined for better performance in terms of stiffness and strength.
A prefabricated modular CFFT-RC pier-frame system was selected for a detailed study of the connections described previ- ously. Two pier-frame specimens were built with five different types of connections as combinations of three different concepts of male-female, dowel reinforced, and posttensioned connections. Fig. 1 shows the pier-frame specimens, their five types of connections, as well as their assembly process. Additional information on the specimens are provided in the following sections. After testing the frame specimens, the two pier cap beams were cut from the frames and tested to failure.
Concrete Filled Fiber Reinforced Polymer TubeReinforced Concrete Bridge Pier Frames

Specimen Preparation
Two 1/6 scale prefabricated modular CFFT-RC pier frame specimens were prepared of a prototype bridge-pier system (Fig. 1) . Each frame consisted of one RC footing, two CFFT columns, two CFFT pier-cap beam-column units (Unit A), and one CFFT pier cap interior beam (Unit B). Frame 1 did not include mild steel reinforcement, except for the dowels in the connections of the CFFT columns to the RC footing. Moreover, the columns of Frame 1 were not embedded into the RC footing. Frame 2, on the other hand, included mild steel reinforcement in the pier cap CFFT Units A and dowel bars in the connections of the CFFT columns to Units A and to the RC footing. The mild steel reinforcement in Units A were designed to provide shear strength for the cap beam as well as development length for dowel bars in pier columns. Additionally, the CFFT columns in Frame 2 were inserted into a 152-mm-deep premolded hollow core in the RC footing. The gap between the tube and the footing was grouted.
All units were cast using a single batch of ready mixed concrete with a 28-day target strength of 27.6 MPa. The compressive strength of concrete cylinders was measured as 34.5 MPa at 46 days, when the frames were tested. Grade 414 MPa steel was used as reinforcement and dowel bars. The three pier cap units in both frames were posttensioned using 12.7 mm ASTM Grade B-7 high strength steel threaded rods. The RC footings had identical reinforcement for both frames. Reinforcement was designed to avoid any failure at the base of either frame. The location and alignment of dowel bars were maintained using wood templates.
The stay-in-place FRP forms for the pier cap units were fabricated by wrapping four layers of bidirectional carbon fiber sheets with epoxy resin (CFRP) at 45°fiber orientation over Styrofoam molds. The carbon fibers had an ultimate tensile strength of 3,600 MPa, a tensile modulus of 230 GPa, and an ultimate elongation of 1.4%. The laminate had a tensile strength of 600 MPa, and an ultimate elongation of 1.2%. The Styrofoam molds were kept inside the FRP forms during shipping but removed before casting concrete. To develop negative moment continuity, a single layer of a CFRP sheet was bonded to the top surface of the pier cap units after posttensioning them together, in addition to the moment capacity afforded by posttensioning. The columns were made with 152-mm-diameter off-the-shelf glass GFRP tubes. The tube wall was 2.54 mm thick with Ϯ55°fiber orientation with respect to the axis of the tube; had tensile and compressive strengths of 71 and 230 MPa, respectively; and tensile and compressive elastic moduli of 12,600 and 8,700 MPa, respectively. It should be noted that the compressive strength of the tube is more than three times as large as its tensile strength, primarily due to the fiber orientation in the tube. The above manufacturer data was verified by coupon tests (Shao 2003) . The joints between Units A and B and the joints between the columns and Units A were wrapped with one layer of the same CFRP sheet.
Each frame was assembled in three stages: (1) column-footing; (2) column-Unit A; and (3) Unit A-Unit B. Assembling of the columns in Frame 1 consisted of several steps. First, the bottom surface of each column and the top surface of the RC footing were wetted with EUCO WELD (Euclid, Cleveland, Ohio) bonding agent, which is an aqueous resin adhesive of a polyvinyl acetate base for permanently bonding damp or dry concrete surfaces, with a 3.45 MPa reported bond strength. The columns were lowered in place to insert dowel bars in the ducts. Once the columns were placed and leveled, the sides were sealed with silicon, and a cement grout mix with the same bonding agent was poured into the ducts from the top. The columns of Frame 2 were similarly placed into the RC footing after applying the bonding agent to all surfaces of the core in the footing and the bottom and sides of the column. Silicon and rope caulk were used to seal the edges of the column base before grouting.
Before placing the pier cap units, the top and side surfaces of the columns and the inside surfaces of Units A were wetted with the bonding agent. To ensure continuity of concrete sections, all column joints were later drilled with a 1.6 mm drill bit at both sides along the column centerline and were filled with a grout mix that included a latex polymer.
The seats in Units A were grinded and leveled for better alignment of the pier cap units. The gaps between Units A and B were filled with a grout mix made of cement, sand, and a bonding agent. The threaded rods for posttensioned connections were first covered with tape and greased before being placed in the ducts, to avoid a potential bond with the grout in the joints. Fig. 2 shows test setup and instrumentation for the pier-frame specimens. A steel frame with two 245 kN actuators were used for the tests. The specimens were tied to the floor with steel support beams and four 50-mm-diameter all-threaded steel bars, each tensioned to 90 kN. A total of 33 devices including inclinometers, PI gauges, strain gauges, and potentiometers were used for each frame. Each pier cap Unit A was instrumented with an inclinometer along the column centerline to monitor joint rotations. Displacement-type strain measuring devices, PI gauges, were used over a 100 mm length at the joints between Units A and B at the top and between the columns and Units A. Strains were measured using 30-mm-long electrical resistance foil gauges. Potentiometers were used to measure displacements of the pier cap beam.
Test Setup and Instrumentation
Test Procedure
A hydraulic jack was used to posttension the pier cap units in both frames to 142 kN, equivalent to 3.4 MPa prestress over the 203-mm-square section of Unit B, i.e., the smallest section in the cap beam (see Fig. 2 ). This level of prestress corresponds to about 10% of the compressive strength of concrete and 40% of the yield strength of the threaded rods. Load testing was carried out in two separate phases to simulate traffic loads in different lanes: (1) negative bending of the cap beam with two load points about 76 mm from the free edges of the beam, and (2) positive bending of the cap beam with two load points about 152 mm from the midspan. A roller 50 mm in diameter and 203 mm long was used under each load point. The first phase of loading was limited to about 224 kN to determine the stiffness of the frame in negative bending up to service loads; whereas, the second phase of loading was carried out to failure. Displacement control was used with an initial rate of 0.13 mm/min. After cracking of concrete, the rate was gradually increased to 1.3 mm/min by the time of failure. The two actuators were hydraulically connected to each other to ensure the same loading rate.
Test Results and Observed Behavior
Posttensioning resulted in a camber of about 0.25 mm and surface strains of about 0.002-0.003 in the pier cap beams. However, it did not cause uplift or rotation in the pier cap Units A nor any joint slippage between Units A and B. No uplift was observed at the base of the RC footings in either frame under either phase of loading. The inclinometers monitored symmetric deformation behavior in both frames, throughout negative and positive bending, with a maximum difference of 10% between the rotations. Table 1 compares the initial stiffnesses of the two frames in translation and rotation for both loading cases. Frame 2 had lower initial stiffnesses than Frame 1, despite its reinforcement in Units A and the embedment of its columns in the footing. This may be attributed to a gap in the joint of the north column to Unit A that was inadvertently not fully grouted. Fig. 3 shows the total applied load versus midspan deflections for the two frames in negative and positive bending. Frames 1 and 2 were first loaded up to 228 and 220 kN, respectively, in negative bending, and subsequently to 303 and 289 kN, respectively, in positive bending. A few cracking noises were heard from the cap beams under negative bending, but no cracking was noticed on the painted surface. On the other hand, several signs of distress were observed under positive bending. Fig. 3 shows two graphs for Frame 2, where the out-of-plane instability of the frame caused a load drop in the system. Subsequent loading of the frame showed loss of stiffness caused by its internal cracking. The eventual cause of failure for both frames was at the column base (see inset photograph in Fig. 3) . Fig. 4 shows load strains at the midspan section of the two frames under both loading cases. The labels are defined in the figure. A maximum tensile strain of about 0.005 was noted in the FRP tube at the bottom of pier cap Unit B in Frame 1. The inset photograph shows buckling of the top layer of the FRP sheet in Frame 1 at a maximum compressive strain of 0.0035 in the FRP. Further examination revealed that damage was not extended into the CFRP mold. Fig. 5 shows load strains at the joints of the pier cap beams of the two frames under both loading cases. In general, strains at the joints between Units A and B were much lower than those at the midspan section of the pier cap beams. This indicates the dominance of shear effects at the pier cap joints, which may be better justified using the strut and tie model. The apparent softening in the response of Frame 1 may be attributed to joint separation on the south side of the pier cap beam, as evidenced by the inset photograph in Fig. 5 . Fig. 6 shows load strains at the joints between the column and Unit A on the north side of the two frames under both loading cases. Joint strains under negative loading were very low due to negligible moment transfer at the sections. Large moments under positive bending resulted in nonlinear behavior of the frames. A similar response for the south column in Frame 1 is not shown due to the symmetry in response. On the other hand, as shown in the Fig. 6 inset, a large separation developed on the south side of the north column in Frame 2. This may be attributed to the gap at this joint.
Concrete Filled Fiber Reinforced Polymer Tube Pier Cap Beams Specimen Preparation, Instrumentation, and Test Procedure
The CFFT pier cap beams, Units A and B, were cut from the two pier frames at the joints between the columns and Units A. The cut surfaces were grinded smooth and were then set level in hydrostone. The specimens were tested in four-point flexure on a hinge and roller system, as shown in Fig. 7(a) . Lateral supports were provided at four locations to secure out-of-plane stability of the specimens, as shown in Fig. 7(b) . No lateral displacement was noted throughout the load tests. The instrumentation was similar to that described for the pier frames, except for the measurements related to the columns, which were no longer applicable. The two pier cap beams were posttensioned to the same level described for the pier frames. A single 2,000 kN actuator with a 1 m stroke capacity was used for the loading of the pier cap beams. Loading was carried out in displacement control at the same rates as in the pier frame load tests. Fig. 8 shows the load-deflection response curves for the two pier cap beams. The response consists of three stages: (1) initial stage before decompression and opening of the cracks; (2) preyielding; and (3) the postyielding plateau. Cap Beam 1, which had no mild steel reinforcement, showed lower initial and preyielding stiffness when compared to Cap Beam 2. As discussed for the frame specimens, Units A in Cap Beam 2 were reinforced with mild steel to provide shear strength for cap beams and development length for dowel bars in pier columns. The strength of Cap Beam 1 was also lower than that of Cap Beam 2 by about 25%.
Test Results and Observed Behavior
Cap Beam 1 failed at 187 kN as a sudden rupture of the CFRP mold propagated to the top [ Fig. 9 (a) and inset in Fig. 8 ]. Further examination of the beam primarily showed flexural cracking of the concrete core in Unit B [ Fig. 9(b) ]. Cap Beam 2 showed visible signs of separation between Units A and B [Figs. 9(c and d)] . A popping noise was heard at 150 kN, when the top layer of CFRP buckled at the midspan. A visual inspection revealed the damage to be limited to the bonded CFRP sheet, and the CFRP mold in Unit B was still intact. Testing of Cap Beam 2 was stopped due to excessive opening of the joint between Units A and B on the north side. No damage was noted in Units A, even in Cap Beam 1 that had no internal reinforcement. Fig. 10 shows the relative displacements at the joints between Units A and B in the two pier cap beams. Cap Beam 1 showed a symmetric response as evident from similar joint displacements on both sides before the rupture of the CFRP at the midspan. On the other hand, Cap Beam 2 showed asymmetric behavior with the threaded rods yielding at the north joint between Units A and B, rather than at the midspan. The joint opening on the north side grew to 12.7 mm (inset in Fig. 10 ), resembling a rotation of 0.06 radians between two rigid bodies. However, no cracking was found in the CFRP mold at the midspan. Fig. 11 shows the compressive strains on the top of the pier cap beams at the joints between Units A and B. The strains were measured using the PI gauges. Cap Beam 1 showed softening in the joint on the north side at about 165 kN, with compressive strains of up to 0.003 before eventual failure at the midspan. On the other hand, compressive strains at both joints in Cap Beam 2 exceeded 0.0045 before failure of the strain gauges on the north side. Fig. 12 shows the top and bottom strains at the midspan section of the two pier cap beams. Cap Beam 1 shows a trilinear response with a distinct postyielding behavior, similar to the loaddeflection curve. On the other hand, the strain response of Cap Beam 2 remained almost linear at midspan, indicating stress concentration and eventual failure at the joints. 
Conclusions
Two 1/6 scale prefabricated modular pier frames were made of prototype bridge piers. Each frame consisted of a reinforced concrete footing, two concrete-filled FRP tubes, two CFFT pier cap beam-column units, and one CFFT pier cap interior beam. Three different types of connections were studied: male-female, dowel reinforced with or without tube embedment, and posttensioned. The frames were load tested in negative and positive bending, and the cap beams were cut from the frames and tested to failure in four-point bending.
Posttensioned joints exhibited the most robust and ductile behavior and proved to be the preferred method of joining CFFT members. Further research is, however, needed on the level of prestress. The male-female joints, even with dowel bars, lacked the necessary structural integrity in the pier frames. Better surface preparation for FRP units and higher quality of grouting may improve the response. The stiffness of the joint depends largely on the stiffness of the grout and the quality of its placement. Embedment of the CFFT into the footing provides additional benefit for the connection. The study indicated that internal reinforcement is not necessary for the CFFT members outside the connection area.
The experiments further revealed the importance of maintaining tolerances and match casting in male-female connections for CFFT joints and embedment for CFFT-RC joints. Overall, the feasibility of the precast modular system was demonstrated in this study.
